Abstract: In conventional optical orthogonal frequency-division multiplexing (OOFDM) systems, such as pulse-amplitude-modulated discrete multitone (PAM-DMT) and asymmetrically clipped optical OFDM (ACO-OFDM), half of the time-domain transmitted signals carry meaningful information, while the other half are set at zero after asymmetric clipping. By specifically exploiting the asymmetric structure of OOFDM such as PAM-DMT and ACO-OFDM, we present a new framework for implementing OOFDM with enhanced performance in terms of both bit error rate (BER) and peak-to-average power ratio (PAPR). The proposed scheme introduces asymmetric signal reconstruction, instead of direct clipping, in the time domain before transmission. The designed asymmetric reconstruction refines the time-domain statistics of the OOFDM signals by constructively exploiting zero-padded signal positions in conventional OOFDMs. This way, the PAPR of the reconstructed OOFDM signals is effectively reduced. For receivers, to recover the received signals precisely, we further develop an optimal maximum a posteriori detection method, along with an efficient simplified method. Simulation results validate that the proposed scheme enhances the BER performance compared with conventional OOFDMs under both an ideal and a dispersive visible light communication (VLC) channel via our prototype. Specifically, under an ideal additive white Gaussian noise channel, an approximately 4-dB gain is achieved at the BER of 10 À2 , along with a 2.5-dB lower PAPR constraint. While under the real dispersive channel, our test shows about 6-dB gain in BER performance.
Introduction
Recently, visible light communication (VLC), which is emerging as a promising technology, has gained significant attention in the field of wireless transmission technologies [1] . Compared to conventional radio frequency (RF) communication, VLC enjoys several unique advantages such as abundant unlicensed optical spectrum and extremely high data rates. In VLC systems, intensity modulation and direct detection (IM/DD) is commonly used where only the light intensity is modulated. The transmitted signals therefore must be nonnegative as the light intensity can never be negative.
Traditional IM/DD schemes, such as on-off keying (OOK) and pulse position modulation (PPM), suffer the disadvantage of low power efficiency and low spectrum efficiency, respectively [2] . In order to improve data rate and mitigate intersymbol interference (ISI) caused by a dispersive channel, orthogonal frequency division multiplexing (OFDM) is employed in VLC [2] , [3] , which is also known as discrete multitone (DMT) in wired communication like asymmetric digital subscriber line (ADSL). In OFDM IM/DD systems, a real signal is generated by forcing the input signals Hermitian symmetric in frequency domain. In order to further make the signal nonnegative, a direct current (DC) bias is added to make it unipolar, namely DC-biased optical OFDM (DCO-OFDM) [4] . Alternatively, another type of schemes, i.e., asymmetrically clipped optical OFDM (ACO-OFDM) [5] , [6] and pulse amplitude modulated discrete multitone (PAM-DMT) [7] , directly clip the negative values at zero. Although ACO-OFDM carries data on half subcarries of DCO-OFDM, it achieves a higher power efficiency since no DC bias is required [8] , as does PAM-DMT. It has been revealed that both PAM-DMT and ACO-OFDM achieve better performance than DCO-OFDM for a high normalized bandwidth/bit-rate due to the absence of DC bias. Some modified schemes have been proposed in [9] and [10] to alleviate the negative effect of DC bias by combining DC in ACO-OFDM schemes. In order to further enhance the spectral efficiency, several schemes were proposed to utilize more frequency resource for data transmission. In [11] , the entire bandwidth was divided into several layers for simultaneous multi-stream transmission using ACO-OFDM strategy for data modulation on each layer. A superimposed modulation technique was then introduced in [12] for systems using PAM-DMT. In [13] , the incorporation of ACO-OFDM and PAM-DMT is further considered under an additional concern of illumination.
However, few has explored the fact that there are several essential similarities between PAM-DMT and ACO-OFDM [14] . Applying the properties of IFFT, both PAM-DMT and ACO-OFDM generate the same magnitude values with opposite signs at a pair of time-domain positions. In this way, the negative values are padded to zeros with no information loss. Although both schemes achieve better power efficiency than DCO-OFDM, it is obvious that half of the channel resource is unused. Moreover, all optical OFDM (OOFDM) schemes exhibit a very high peak-toaverage power ratio (PAPR) like most RF OFDM systems. Due to the nonlinearity of power amplifier (PA), high PAPR could lead to signal distortion in RF systems. While in VLC systems, the performance further degrades with a high PAPR due to the additional nonlinearity caused by LED [15] , [16] .
In order to enhance the time efficiency of both ACO-OFDM and PAM-DMT, we present an asymmetrically reconstructed OOFDM scheme with low PAPR and develop an efficient signal detection method. Specifically, by taking the asymmetric structure of both OOFDM schemes, the proposed scheme introduces a reconstruction operation, in the place of asymmetric clipping, pairwisely on the optical signals before transmission. The additional operation refines the timedomain statistics of the OOFDM signal. Besides validating the reduced PAPR statistics, we show that this asymmetrically reconstructed scheme allows an efficient detection as well. We test the proposed scheme under both an ideal and a measured dispersive VLC channel, and observe noticeable BER gains compared to conventional schemes.
The rest of this paper is organized as follows. In Section 2, the concept of the conventional OOFDM schemes, including PAM-DMT and ACO-OFDM, is introduced. An asymmetrically reconstructed OOFDM scheme along with its implementation framework and detection method is presented in Section 3. In Section 4, we compare both the PAPR and BER performance between the proposed scheme and other various existing OOFDMs. Conclusion are drawn in Section 5.
Conventional Asymmetrically Clipped OOFDM Schemes
In OOFDM IM/DD systems, transmitted signals in time domain are nonnegative. Generally, Hermitian symmetric frequency-domain data is used to provide real signals after IFFT. Two OOFDM schemes have been popular, namely ACO-OFDM [5] and PAM-DMT [7] . Both schemes generate pairs of time-domain signals with the same magnitude and opposite polarity. As a result, clipping away the negative signals will not lose any useful information. We first briefly review the design philosophy of both schemes.
Assume that there are totally N subcarriers. According to Hermitian symmetry, the data vector is modulated on subcarriers in the form of X ¼ ½0;
where x ðk Þðk ¼ 0; 1; . . . ; N À 1Þ is the k th component of x. X n ðn ¼ 0; 1; . . . ; N À 1Þ, i.e., the nth component of X, is a complex-valued symbol, and x ðk Þ is real since X is Hermitian symmetric.
The difference between ACO-OFDM and PAM-DMT lies in the data mapping on subcarriers. In PAM-DMT, complex signals with only imaginary part are mapped on all subcarriers, while in ACO-OFDM we only modulate on odd subcarriers but with complex signals having both imaginary and real components.
In particular, PAM-DMT utilizes ðN=2Þ À 1 subcarriers to carry useful but imaginary data. Firstly, ðN=2Þ À 1 symbols, denoted as b n ðn ¼ 1; 2; . . . ; ðN=2Þ À 1Þ, drawn from the real onedimensional constellation PAM, are used to modulate the imaginary data on each subcarrier. Therefore, the data vector modulated on subcarriers is X ¼ ½0; jb 1 ; jb 2 ; . . . ; jb ðN=2ÞÀ1 ; 0; Àjb ðN=2ÞÀ1 ; . . . ; Àjb 2 ; Àjb 1 . After the operation of IFFT like in (1), x ðk Þ satisfies
Let us denote b x ðk Þ ¼ x ðN À k Þ. Hence, we get each pair of signals ½x ðk Þ; b x ðk Þ with the same magnitude but opposite polarity.
For ACO-OFDM, it utilizes only the odd subcarriers to transmit symbols. As a result, only N=4 subcarriers carry useful data. At first, N=4 complex symbols are generated from a complex two-dimensional constellation such as QAM: S n ðn ¼ 0; 1; 2; . . . ; ðN=4Þ À 1Þ. It generates: X ¼ ½0; X 1 ; 0; X 3 ; 0; . . . ; X ðN=2ÞÀ1 ; 0; X Ã 3 ; 0; X Ã 1 , where
n is odd, and n G
; n is odd, and n 9 N 2 0; otherwise:
Applying IFFT to X, we have
which also indicates that each pair of signals ½x ðk Þ; b x ðk Þ has the same magnitude but opposite signs, that is b
x ðk Þ ¼ x ðk þ ðN=2ÞÞ, in the ACO-OFDM. Given (2) and (4), for both PAM-DMT and ACO-OFDM, the asymmetric clipping is taken as follows:
where x c ðk Þ denotes the signal after asymmetric clipping. Now, we get each final signal pair ½x c ðk Þ; b x c ðk Þ with one nonnegative value and the other zero.
Asymmetrically Reconstructed OOFDM
In both PAM-DMT and ACO-OFDM systems, signal pairs, i.e., ½x c ðk Þ; b x c ðk Þ, are obtained after IFFT and asymmetric clipping. In each pair, only one position carries meaningful data while the other is zero. Obviously, half of the time-domain resource bears no data. In other words, the asymmetric clipping wastes half the channel resource in order to make transmitted signals nonnegative. We present a new framework of generating positive OOFDM signals with some asymmetric reconstructions, instead of a direct asymmetric clipping, in order to better utilize the time-domain resource.
As mentioned in the above, in each signal pair ½x ðk Þ; b x ðk Þ, the two signals bear the same magnitude information with opposite signs. It is natural to propose a reconstruction operation in order to generate a new signal pair bearing the same information but with better statistical characteristics for transmission. In this way, the new signals can better use the channel responses for achieving diversity gain as well as low PAPR. The challenge of the proposed design is to admit precise signal recovery at the receiver. We show that a proper asymmetric reconstruction design achieves enhanced performance in terms of both PAPR and BER.
Framework of Asymmetric Reconstruction
In the following, we present the proposed asymmetrically reconstructed OOFDM in VLC systems, as well as a corresponding efficient detection approach for the scheme. Fig. 1 shows the block diagram of the transmitter and receiver for the proposed scheme. Compared with conventional OOFDM schemes, such as PAM-DMT and ACO-OFDM, we replace the "Asymmetric clipping" block with a special "Signal reconstruction" block at the transmitter. Correspondingly, a procedure named "Signal recovery" is added at the receiver side. Next, we elaborate the two new blocks in detail.
Signal Reconstruction at Transmitter
Under the proposed framework, the transmitted signal pairs are reconstructed from ½x ðk Þ; b x ðk Þ for k ¼ 0; 1; 2; . . . ; ðN=2Þ À 1 as shown in Fig. 2 (a). In such a signal pair, two signals carry the same meaningful information with opposite signs. For PAM-DMT, there is b
Without loss of generality, we elaborate the reconstruction operation on a specific signal pair, namely ½x ; b
x , and the index k is omitted for brevity. In order to make full use of the two signal positions, we try to take some kind of effective operation on the positive signal and replace the negative one with a nonnegative value bearing the same information. Let OðÁÞ and F ðÁÞ denote two reconstruction operations. The pairwise reconstruction on ½x ; b x can be expressed as follows: where ½x r ; b x r denotes the pair of signal after reconstruction, as shown in Fig. 2(b) . Without loss of generality, we assume x ! 0 while b x ¼ Àx 0. Specifically, as Fig. 2(c) , asymmetric clipping in conventional ACO-OFDM and PAM-DMT can be considered as a particular case of reconstruction, where
It is obvious that this kind of reconstruction is inefficient since half of the signals are simply set at zeros. In this study, we design more efficient operations OðÁÞ and F ðÁÞ to reconstruct the signals, as long as the same information is kept in both positions. Since F ðÁÞ bears meaningful information, some amount of diversity gain can be achieved at the receiver. On the other hand, high PAPR is also a challenge in OFDM, especially in VLC because of the nonlinearity of both PA and LED. In RF OFDM, there are multiple ways of alleviating this issue. Nevertheless, these schemes generally reduce PAPR at the cost of clipped information loss or additional overhead [17] . For OOFDM, the reconstruction process can fortunately be used to refine the statistics of signals. Now, the essential challenge lies in the design of reconstruction functions OðÁÞ and F ðÁÞ, which should as well admit efficient signal recovery for detection. In order to enhance performance, we take adaptive but efficient operations on ½x ; b x , which implies OðÁÞ and F ðÁÞ could be piecewise functions. As mentioned above, in order to achieve diversity gain, both Oðx Þ and F ðb x Þ are expected to be a scaled version of x instead of zeros. Hence, we choose operations OðÁÞ and F ðÁÞ as scaling functions of the absolute value of x . Note that we use x to represent the absolute value in the signal pair ½x ; b x for notational brevity. A threshold c is defined in order to define the reconstruction operations, like in [18] . When x c , asymmetric clipping is taken to reconstruct the signals. Without loss of generality, we define the common clipping ratio (CR) as 20logð c =ðEfjx c ðk Þj 2 gÞ 1=2 Þ, where EfÁg denotes the expectation. In summary, the reconstructed functions OðÁÞ and F ðÁÞ can be mathematically defined as
F ðx Þ ¼
where 1 and 2 denote two scaling factors. Obviously, this new operation could make it complicate for signal detection at the receiver for arbitrary 1 and 2 . The two received signals in one pair both carry nonnegative values. As a result, it is difficult to find out the original positive or negative positions. Therefore, we should restrict 1 6 ¼ 2 for diversity gain in detection. It is safe to assume 0 G 2 G 1 G 1. The values of 1 and 2 have an important effect on the performance of this scheme. Smaller the values are, lower the average power will be, which results in higher PAPR. On the other hand, the detection performance at receiver is also affected by these two values. In order to obtain the best performance, we can solve this optimization problem via heuristic search. However, favorable performance can be achieved by simply setting 1 ¼ 1=2 and 2 ¼ 1=4. As it is assumed x ! 0 in the signal pair ½x ; b
x , the reconstructed OOFDM signal becomes
which shows that both x r and b x r carry useful information for a large signal x , where diversity gain can be reaped. Meanwhile, the asymmetric reconstruction decreases the peak value of signals effectively, resulting in a significant PAPR reduction.
It is interesting to note that the conventional ACO-OFDM [5] and PAM-DMT [7] , and the previously developed RoC-ACO-OFDM [18] , can be regarded as special cases of the proposed scheme with direct clipping operation and additive clipping operation, respectively. The asymmetric reconstruction with scaling functions carries two copies of meaningful information in each signal pair, while additive clipping in RoC-ACO-OFDM carries only one. As a result, the proposed scheme enjoys better BER performance. Although the conventional direct clipping operation looks more simple than the proposed asymmetric reconstruction, the proposed scheme achieves better performance, including a larger PAPR reduction and better BER performance with comparable detection complexity, as validated by numerical simulation results in Section 4. Before that, we develop the signal recovery and detection of the proposed asymmetrically reconstructed OOFDM scheme in the following.
Signal Recovery at Receiver
For conventional OOFDM schemes, such as PAM-DMT and ACO-OFDM, the detection at receiver is simple and efficient via FFT. Regarding signal detection of the proposed asymmetrically reconstructed OOFDM, it follows a similar procedure, except for the "Signal recovery" part, as illustrated in Fig. 1 . This procedure tries to recover the reconstructed signal pairs, which technically includes two steps named "mode detection" and "inverse operation."
At the receiver, the received optical intensity is converted into a digital electrical signal r ðk Þ through an optical detector and an analog-to-digital (A/D) converter. Considering the shot noise and thermal noise, which are usually modeled as additive white Gaussian noise (AWGN), we have r ðk Þ ¼ hx r ðk Þ þ w ðk Þ (12) where h denotes the channel gain, and w ðk Þ is the discrete time version of AWGN. The index k can be omitted for brevity. Let us assume ½y r ; b y r as the sample pair of received signals. From (12) , it follows that
where
given h is generally known via channel estimation. In ACO-OFDM and PAM-DMT, the sampled time-domain signal pairs have the form of ½x c ; 0 or ½0; b x c . As a result, it is simple to distinguish between the positive and negative positions. In our proposed scheme, it appears nontrivial to detection the signals due to the reconstruction in (11) . To facilitate the OFDM demodulation, we first determine that the received signal pair belongs to one of the three cases in (11) , which is referred to as "mode detection" in the following. Given the result of "mode detection," the signal pair can be recovered via inverse operations according to (11) , called "inverse operation." In the following, we first present an optimal mode detection method in terms of maximum a posteriori (MAP) detection. Although complicated, the MAP detection achieves the benchmark performance of the proposed OOFDM scheme. An efficient mode detection method is later developed, having comparable complexity with conventional OOFDMs. We will show by numerical methods that the efficient detection approach achieves almost the same BER performance as the optimal MAP one.
According to the philosophy of MAP detection, the major task of "mode detection" is to calculate the probability of each hypothesis conditioned on received signal pairs. Specifically, consider the reconstructions operation defined in (9) and (10) . Since the receiver does not know which position of the signal pair ½x ; b
x is positive, the corresponding transmitted signal belongs to either of the following six hypotheses, defined as (14) where x denotes the nonnegative value in signal pair ½x ; b x . Given the received signal pair ½y r ; b y r , the mode detection in (14) can be solved by using a typical MAP detection. The most possible transmitted hypothesis is estimated as b H ¼ arg 
where P Hj½y r ;b y r fÁg denotes the probability of hypothesis H conditioned on the received signal pair ½y r ; b y r . For brevity, the detailed calculations of b H are presented in the Appendix. After obtaining b H, the received signal pair is recovered according to
b y ¼ Ày (17) which is determined according to the asymmetric reconstruction defined in (9) and (10) . The coefficient in (16) is generated from the maximum ratio combining (MRC) principle in order to obtain the largest diversity gain [19] . Specifically, is 0.8 when 1 ¼ 1=2 and 2 ¼ 1=4.
Linear Detection
Although the MAP detection method demonstrated in Section 3.1.2 is optimal, it needs involved calculations of conditioned probabilities. In order to reduce the complexity, we develop a simplified detection method in this subsection. To be more specific, we consider the proposed asymmetrically reconstructed scheme with scaling functions where 1 ¼ 1=2 and 2 ¼ 1=4 as in (14) . Fig. 3 (a) exemplifies decision areas for b H with CR ¼ 10 dB and SNR ¼ 20 dB, which is obtained by the means of the above-mentioned optimal MAP detection. The average power of time-domain signals after IFFT is normalized. It is obvious that the MAP classification region is nonlinear. In order to simplify the detection method, we try to present linear classifications via some asymptotic analysis of the detection problem. Due to symmetry, the classification between hypotheses H 1 , H 3 , H 5 and hypotheses H 2 , H 4 , H 6 is directly obtained via the linear classifier y 1 ¼ y 2 , as exemplified in Fig. 3(a) . Let us assume 1 ¼ 1=2 and 2 ¼ 1=4. If it is H 3 , the signal is recovered as y ¼ 1:6y r þ 0:8b y r while if it is H 5 , the signal is recovered as y ¼ 2 c , according to (16) . Since the transmitted signal pair is ½ c ; ð1=2Þ c for H 5 , we have 1:6y r þ 0:8b y r % 2 c in this condition. Thus, detection result shall not be significantly affected if we merge hypothesis H 5 and H 3 . This is also true for merging hypothesis H 6 and H 4 .
In this way, we can now focus on further simplifying detection problem among the four hypotheses namely H 1 , H 2 , H 3 and H 4 . Considering a relatively high SNR case, the received signal pair ½y r ; b y r applies the linear classifier y 2 ¼ 0 and 0 y 1 c when it is H 1 , while it applies y 2 ¼ ð1=2Þy 1 and ð1=2Þ c G y 1 c when it is H 3 , according to (14) . Due to symmetry, the linear classifier for H 2 is y 1 ¼ 0 and 0 y 2 c , and for H 4 the classifier is y 1 ¼ ð1=2Þy 2 and ð1=2Þ c G y 2 c . The decision areas are these four line segments in this ideal case. By taking noise into account, the lines turn into regions as shown in Fig. 3(b) .
Now that, given each pair of received signal ½y r ; b y r , we can accordingly conduct the hypothesis detection using the following linearly simple rules:
According to the above rules, it shows that, for each signal pair, only two multiplications, one addition and three comparison computations are needed, in order to determine which hypothesis it is. This is the major difference at receiver between our proposed scheme and the conventional ACO-OFDM and PAM-DMT. Therefore, we can conclude that our proposed scheme requires comparable complexity with a marginal increment compared to the conventional ones, while it achieves promising performance gains in terms of both PAPR and BER as will be verified in Section 4.
Numerical Test Results
In this section, we compare the performance of the proposed asymmetrically reconstructed OOFDM to conventional OOFDM schemes. Not only the PAPR but the BER performance as well are compared with both PAM-DMT and ACO-OFDM. As for the proposed asymmetrically reconstructed scheme, we set 1 ¼ 1=2 and 2 ¼ 1=4. Ideal PAM-DMT and ideal ACO-OFDM are two schemes introduced in Section 2, which theoretically generate an ideal lower bound to BER performance, respectively. The term "ideal" implies that no signal distortion due to PA and LED nonlinearity is considered whatever the PAPR is. While for "conventional" ACO-OFDM and PAM-DMT, we take the nonlinearity into account. Note that in most applications, the common operation to deal with the nonlinearity is direct upper clipping. As for detection, we use the theoretically optimal receiver, i.e., maximum likelihood detection [6] , for conventional schemes.
For simulation verification, we first compare the BER performance of the above schemes under an ideal AWGN channel, where a commonly used Line-of-Sight (LoS) VLC channel is considered. Subsequently, in order to verify the proposed scheme under more realistic scenarios, we further present BER performance comparison under a dispersive VLC channel from real measurements. We measure the channel responses of the VLC system using our constructed prototype and use the data for simulation. The frequency response of this dispersive channel is also exemplified in Fig. 4 . Detailed simulation parameters are listed in Table 1 . We note that the measured channel under test includes the effects of both channel dispersion, namely frequency selectiveness/fading, and the distortions and nonlinearity properties in the electric domain. We believe that simulations under the real measured VLC channel reflects multiple fading and distortion effects.
Comparison between the proposed scheme and PAM-DMT
Figs. 5 and 6 compare the performance of the proposed asymmetrically reconstructed scheme and conventional PAM-DMT. We test two different cases. For example, in case 1, we choose CR ¼ 8 dB and 12 dB for the proposed scheme and conventional PAM-DMT, respectively. In order to highlight the performance of the proposed scheme, we can see in this case the proposed scheme exhibits lower PAPR as shown in Fig. 5 , as well as better BER performance as observed in Fig. 6 , which is tested under an ideal LoS VLC channel. Similarly, the CRs of the proposed and conventional schemes are set as CR ¼ 10 dB and 13 dB in case 2. In each case, it also shows that the proposed scheme outperforms the conventional PAM-DMT, in terms of both PAPR and BER, as shown in Figs. 5 and 6. As for a particular scheme, a lower TABLE 1 System simulation parameters CR provides a higher PAPR reduction at the cost of worse BER. More specifically, from the definition of CR, a lower CR implies a smaller peak value of the signal, that is a lower PAPR given the average power of the signal is fixed. On the other hand, in order to achieve a low CR, signal clipping is inevitable which causes BER performance degradation. In other words, there is a tradeoff between PAPR reduction and BER performance.
It is observed that when SNR is higher than 30 dB in Fig. 6 , the BERs exhibit saturation trend. In VLC systems, the system performance is dominated by the nonlinearity of both the power amplifier and LEDs. Since the signal distortion becomes worse with an increasing SNR, the BER performance saturates when SNR grows high or even without the presence of noise. This is typically named as "error floor" of BER performance in a communications system. Moreover, it is worth mentioning that the simplified efficient detection method achieves almost the same BER performance as the optimal MAP one. In Fig. 7 , similar observations can be concluded over a real dispersive VLC channel. According to case 2 in Figs. 5 and 6 , an approximately 4 dB gain is achieved at the BER of 10 À2 , along with a 2.5 dB lower PAPR constraint, under an ideal AWGN channel. While under the real dispersive channel, Fig. 7 shows about 6 dB BER gains. 
Comparison Between the Proposed Scheme and ACO-OFDM
Comparison between the proposed asymmetrically reconstructed scheme and conventional ACO-OFDM is displayed in Figs. 8 and 9 . There are two cases. The CRs of the proposed and conventional schemes are (5.5 dB, 10 dB) in case 3 and (7.5 dB, 11 dB) in case 4, respectively. It is shown that in each case, the proposed scheme always outperforms conventional ACO-OFDM, both in terms of PAPR reduction and BER performance with a high SNR under an ideal AWGN channel. Similarly, there is a tradeoff between PAPR reduction and BER performance. The simplified detection method achieves almost the same BER performance as the optimized MAP one. Similar BER performance comparisons under a real dispersive VLC channel are observed in Fig. 10. 
Comparison Results Using Low-Order Modulations
According to the above simulation results using 64-QAM, the SNR requirement becomes high for the system to achieve satisfactory performance for a low PAPR constraint or, equivalently, a smaller CR setup. In fact, one would resort to using low-order modulations under these cases to achieve satisfactory BER. Therefore, we here further present comparison results using lower order modulations, like 16-QAM. Figs. 11-14 show the comparison results in PAM-DMT and ACO-OFDM systems, respectively. Similar observations can be concluded as in the previous subsection using 64-QAM, except for some trivial differences in, e.g., SNR and CR values under test. The CRs of the proposed and conventional schemes are (8 dB, 12 dB) in case 5, (10 dB, 13 dB) in case 6, (5.5 dB, 8 dB) in case 7, and (7.5 dB, 9 dB) in case 8, respectively.
Finally, it would be necessary to note that our proposed scheme is effective in reducing the PAPR of an ACO-OFDM/PAM-DMT signal while independent of the specific behavior of the nonlinearity function. Since the laser diode (LD) exhibits higher nonlinearity than the LED, it is believed that the proposed scheme is still applicable in the LD based VLC system, such as the directly modulated OFDM scheme in [20] . Specifically, we can refer to the performance comparison in Figs. 11-14 under smaller clipping ratio (CR) setups which correspond to severe clipping distortions like in LD based VLC systems. 
Conclusion
In this paper, we propose an asymmetrically reconstructed OOFDM scheme for VLC. A reconstruction procedure is added at transmitter in the place of asymmetric clipping while a signal recovery procedure is added at receiver. Negative signals generated from IFFT carry meaningful nonnegative values after reconstruction instead of simply being padded at zeros. As a result, diversity gain is achieved, and the statistical property of time-domain signals is also refined. Furthermore, an optimal MAP detection method, along with an efficient simplified one, is developed to recover the received signals. Simulation results indicate that this reconstructed OOFDM achieves a significant PAPR reduction and a noticeable BER performance gain compared to the conventional ones, although their complexity are comparable. Specifically, an approximately 4 dB gain is achieved at the BER of 10 À2 , in addition to a reduction of 2.5 dB in PAPR, under an ideal AWGN channel. While under the real dispersive channel, our test shows about 6 dB BER gain. 
